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Abstract
Magnetic energy .torage has become the foundation
for near time and longer range electric wutility

applications and for current induction in the plasma of
fusion devices. The fusion program embruces low loss
superconductor strand development with integration into
cables capable of carrying 50 kA in pulsed uode at high
fielda. This evolvement has been paralleled with
pulsed energy storage coll development and testing from
tens of kJ at low fields to a 20 MJ prototype tokamak
induction cnil at 7.5 T. Energy transfer times have
ranged from 0.7 ms to several seconds. Electric
utility magnetic storage for prospective application {is
for diurnal load leveling with masaive systema to store
10 Wh at 1.8 K in a dewar structure suported on
bedrock underground. An immediate utility application
is a 30 MJ system to be used to damp power oscillations
on the Bonneville Power Adminisctration electric trans=-
mission lines. An off-shoot of this last wurk is a new
program for electric utility VAR control with the
potential for use to suppress subsynchronous resonance.

Pulsed magnetic energy storage is8 not a wilely
developed technology. Current work is done almost
exclusively in Japan and the United Statesm. This paper

does nt cover past work or completed studies but
presents work Iin progress, work planned, and recently
comploted ununual work.

Summar

Superconducting magnetlc cnergy storage ham its
roota {n providing a pulmed Hource of energy or an
energy supply to be provided over a long time period.
The former embraces high intensity flash lamp energy
syst-man, accelarator drives, and magnetic confinement
fuslon systems, principally for plarma current
induction and ohmic heating. The latter {8 for diurnal
load leveling for an electric utili{ty syntem. More
recently, wsuperconducting magnetic energy storage to
stabllize negativelv damped power oncillations on  an
electric utility transmisnion line and for VAR control
on an electric utility system requiren a hlased energy
s.orage with a low frequency energy (low with only a
fraction of the stored energy gofug tn and out  of  the
storage coll.

Ag sresnive programs, both {n the Unlted States and
Japan, are the principal maguetic energy slurage
technology development efforta.

The International Tokamak Reactor (INTOR) and
Englnearing weat Facility (ETF) demign wtudien have
{ndicated the need for additlonal pulsed energy wtorage

work to advance the technology bawe to a level
commensurate with the tokamak torofdal field coll do-
velopaent.  Work underway at the Lon Alamow  Sclent(ffe
laboratory (LASL) in to demonstrate englineering
teanibility for the ETF ceatral! amolenaldal olmice
heating coftl with prototyps 20 and 100 M cofln to

operate in a * 7.3 T hipolar myde with 951 kA maximum
current . The Argonne Nat {fonal Laharatory! in relylog
cn their 1o% M) pulasd mupereonducting eoll  erperlence
tn bul'd a 6.4 T hackground cofl to develop 50 to
100 kA suprreonducting cable lor ETF,

*Faper  preparsd under  the
U.S. Department of Energy.

aunpicen of the

Additionally, LASL 1is engineering a 30 MJ
Superconducting Magnetic Energy Storage (SMES) systenm
to damp power oscillations on the Bonneville Power
Administration (BPA) HVAC transmission lines which run
from the Pacific Northwest to southern California.

Static VAR compensation syatems are uized by the
electric utility industry. The possibility exists that
VAR compensation can be provided with superconducting
coils with relatively small energy storage of a few
hundred kilo joules. A program to determine the
applicability of such a system has been initiated at
LASL.

The Japanese have successfully built and operated
a number of small pulsed energy storage colls, Thelr
goals for future work include a 0.5 MJ energy wctorage
and tranafer system in 1980 at Osaka University, a
100 MJ ohaic heating coil protntype five year program
at JAERI, and a | MWh toroldal diurnal load leveling
(SMES) demonstration to be operationa! for the (985
International Science Exposition to be held in Taukuua
Sclence and Kducation City, Japan.? Shintomi et al.?
have reported on & 300 kJ superconducting shielded cofl
for pulmsed energy sterage which utilizes the uniqus
scheme of Mosen and Baliou."

Both the University of Wiaconsin (UW) and LASL
have made extensive preliminary conceptual engineering
reference deulgne of diurnal  load leveling  SMES
Iyulenn.5'b UW has concentrated on development of
conductor, structures, and cryogenic coapo=
nenta.” Recent LASL sork now {n progress lu to dealgn
a wire rope conductor. The atudy of Winer¥, contrary
to an carller analysln,? concludes that SMES (s
econom{ cally competitive compared with other large
energy AHtorage syswtems when the rated energy delivered
exceeds about 1750 kWh/yr per kW.

ETF thmic Heating Coll System

The ETF ohmic¢ henting cofl {a nized to (nduce
4,9 MA plasma current tn 6 s. The central solenoid
coll wet in shown in section in Fig. |, and the w@aln
features are tabulated in Table 1o The cofl set in to
be of pancake denign and have a maximum fleld of 7 T at
a current  of %0 kA superconducting cable rating. The
detalln of the derign follow clonely the LASL 20 MJ
protolype coil,

A prototype 20 MI puperconducting ohmic hisating
coll capable of hetng sealeod to the ETF nize {0 to  be
Bade andd tentod, The coll wan denigned by West {nphoune
Electrle Corpe. wn comvract to LASL and manufacture han
been started.  An out line drawing of the coll (s shown
In Fig. 2, aml Table ] Riven  mome  of the
characterintiens The coll {n to be made of four double

pancake windings on epoxy [lherglann atructure wiin a
fakimum fleld of /0% T at a current of 50 kAs  The cof]
fa to be teatod with a full  hipolar onergy transfer

vith complete current and { 1Id rovernal 1n 1.3 «,
Toewtding of the coll with a full reversal in the
shovt time of 1.) a fowtead of the 6 & ETF  curremt
tnductlon pertod wasn decided tn consultation with the
ETF Denlgn Contor.  In the ovenl an appropriate preheat
syntem In not avallahle, the development of 4 cotl to
ant inty the shorter pulae tiae providem greater ETF
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Fig. |. ETF central molenold coil set,
(Courtcay ETF Design Center ORNL.)

TABLE 1
ETF OHMIC HEATINC COIL
Fieid, maximam, T 7
Current, kA 50
Winding pancake
Outside radius, m l.6
Incide radfus, m 1.2
Current dansity overall, A/cn? 1500
Enrrgy stored, GJ 1.4
denign latitude. Teating of the coll (s to be done

with a resonant clrcult, Fig., 3, which usas electrome-
chanical capaclitors. Sixtueen Geoneral Electric type 752
traction sotorn have been purchased for this purpoas.
Flywheeln are to be added to the motors to augment the
armature inertia to store the energy during tranater.
Operatinn of the teat circuit {n to charge the coll
with 83, a bypass switch, clomed. S| and 32 are cloned
temporarily while S {a opened. 8] and 52 are opensd
and the coll eneigy transfers (nto tractlon motors  and
hack. The power mupply {n reverasd and is crowbarred
hy cloning 81 and %2 and then 83 to hold the charged
col! at the and of the tranafar pertod. Rl, R2, I,
and U2 are protective renistors and voltage nmurge
Buppresnora. The energy tranwfer perfiod can e
controlled by ad jinting the (leld wirding current.  The
same nyntem can be uned to test 100 M) colla by using
larger flevheeln.

A grotorype length of %0 kA cahle for the 20 M)
coll has beey made by Intermignetics Genoral Corp. and
{s ahowt in Ftg. 4. Stabilfty meanurementn on one of
the 16 subcables, extrapolated (o the full cable nize,
gives a recovery current {n orcean of 04 kA an  pre-
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Fig. 2. 20 MJ tokamak ohmic heating prototype coil.
TABLF LI
20 MJ PROTOTYPE COIL
Fleld, mavimum, T 7.5
Cooling pool boil at 4.5 Kk
Winding double pancake
Currert, ka 50
Turns per pancake 25
Ovurall current density, A/cm? 1716
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Fig. 1.

720 MJ coll teat circult.

dicted, Tentn m the full % kA cable will he run {n
the lawrence Livermore Laboratory MFTF high [(leld
conductor teat factility an a background coll to confirm
the ntabiltiy lmit,

The Argonne National Laboratory (e butlding on the
suceeanful 1.% M1 pulued suporconduct tng coll of Kim ot
al 19 which waw operated {nto ths currvent sharing
region up to 11.2 kA and fur many cycles with 1w
lonsewe Fllorte are underway to »xtend pulned super-
conduct ing magnet development toward the high curreat,
30 to 100 kA, high pular rate, up to 10 T/a, supercon-
ducting ohmtc heating colla neaded tor a tokamak ETF,



Fig. 4. 50 kA prototype cable for 20 MJ coil.

A Pulsed Cable Test Facility (PCTF) is under
construction which will permit the testing of supercon-
ducting cablea needed for these colls. The key
component of the facility is a large pulsed supercon-
ducting magnet which wlll generate a fleld of 6.4 T {n

an adjustable gap where high current pulsed cable
samples as wide a9 about 10 cm can be mounted for
testing In a pancake winding. The colls of Lhe

Facility will store 3.5 MJ and can be pulsed at 6 T/s
using an exlaLing power gupply. Studies are undeiway
to utilize the PCTF magnet Itself aw a companlon 1o the
existing 1.5 MJ coll for energy storage and transler at
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F'g. * PCTF dewar and saplit pafir molenotd.
(Courteny of Argonne Natlonal Laboratory.)

A schematic dvawing of the dewar coil
Fig. 5 and soxne characteristics are

~10 kA current.
set 1s shown in
given in Table III.

Electric Transmission Line Stahilizer

The Pacific Northwest and southern California are
part of the Western U. S. Power System and cre
connected by two 500 kV, ac power transmission lines
with a thermal rating of 3500 MW. The 1lines are
operated by the Bc ineville Power Adminlstration (BPA).

System stabilirv asystem 18 affected by the relative
weaknesses in the 900 mile long lines connecting the
areas. In 1974, predicted negatively damped

oscillations of about 300 MW auplitude at N.35 Hz were
observed!! on the transmission lines. One means of
preventing the oscillations 1is to apply a low
amplitude, up to % 5 MW, out of phase signal to the
lines. This is to be done with a 30 MJj, 5 kA, 2.8 T
energy storage coil being made by General Atomic Co. on
contract to LASL., The coil is {nterfaced to Lhe trans-
mission line through a converter and power trensformers
shown to the left of the artist’s concept of Fig. 6.
The cryogenic system 1s to the right of the figure.
Table IV glves some of the coll characteristics. The
SMES wunit 1{ea to be {nstalled at the Fite Substat{on,
Tacoma, WA, and nperated completely remotely over a
microwave link from Portland, OR.

TABLE 111

PCTF ENERGY STORAGE COIL
Fleld, maximuw, T 6.4
Current, kA 11
Winding miltl layer
Outside digmeter, m 0.88
Inside diamesor, m 0.45
Helght, m 0.64 + gap
Current denalety, A/cm? 168°

Fig. 6.

Artimt’'m concept of HPA 30 MJ SMES coll.

TARLE 1V
HPA 1O MU SHES LOLL

Field, max{mum, T 2.8
Winding donble pancake
Numbter panciakes h0
Numhsr turnms 920
Current, kA 4.9
Mean radliuw, m 1.%)
Radial thi. koews, m 0.1
Mo lght, m .21



Reactive Power Control-

Stacic reactive power (VAR) control systems with
thyristor controlled, room temperature reactors are
used in electrical systems for voltage control and

syscem stabilization. The poseibility of using a small
superconducting energy storage coll of a few hundred
kilo joules with a variable controlled Graetz bridge
has posaibilities for a new direction for VAR
control.12 The system ia “cing analyzed by LASL and
Weatinghouse to determine tL..3 economic potential before
a full acale program 18 wuundertaken. Experiments by
Boenigl3 gehow the circuit behaves as predicted. A pu-
perconducting coil for a 40 MVAR system would require
an iron core with air gaps or a shielded coil" to have
low losses. A preliminary parameter study was
undertaken and one set of col! characteristics is given
in Table V.

Japanese Energy Storage

The Japanese ~ffort to develop anergy storage for
fusion, electric utility, and accelerator appli:ations
has assumed a growing role in their sguperconductivity
program. Four of these new efforta are presented.

0.5 MJ Pulsed Superconducting Coil System

A pulsed energy storage system composed of &
0.5 MJ superconducting energy storage coil and a 12
pulse thyristor Graetz bridge converter circuit is to
be located at Osaka University.!“ The system will be
used to develop auprrconducting material, control
system, and cooling system technology. The Graet?
bridge system {18 c(umputer controlled with system
variables sensed to provide fnputs to feedback loops.
The bridge output can operate in parallel or series to
provide 1000 A at efther 500 or 1000 V, resp-:ctively.
Some of the wutorage coill features are given In
Table VI.

JAERT Pulmed Coil Development

The pulsed cnergy storage coli work of the Japan
Atomic Energy Renearch Institute (JAERI) {8 being
avaluated and now includes a tentative plar for a
100 MJ, 50 kA, 8 T coll for testing in [lve years. A
suggeation han haen made to Japan to enter into a
cooperative program for bullding and testing msuch a
coll with LASIL.

TARLE V
COIL CHARACTERISTICS FOR VAR CONTROL SYSTEM
Current, kA 2.14
Gap, cn 18
Turus 80
Inductance, mH 54
Fleld tn fron, max., T 1.14
Fleld on ¢cail, T 0.1
TABLE VI
0.% MJ COIL CHARACTERISTICS
Fleld, T 9
Winding double pancake
Turns 1020
Current, kA 1.9
Gututde diameter, mm 300
Inside dfametor, mm ilg

Axtal length, mm 280

The tentative five year JAERI program!5 {s to
develop 1in sequence 10 kA and 50 kA, 7 T supercor-
ducting cables. The 10 kA cable is to be made 1into a
small coil to be fact and slow pulse teated in a 5.5 T
background coil. The results will be used together
with the 50 kA cable development for information to
build a 50 kA, 7 T, 10 MJ energy storage coil. If the
10 kA cable is used, the 10 MJ coil should be available
for testing in tke third year and the fourth year if
the decision 1is to use the 50 kA cable. The
fabrication of a 100 MJ coil, made cf two sub coils, 18
planned for the third and fourth years with testing to
be done during the fifth year of the progran. Power
supplies for the testing are conceived to be installed
in stages, first to provide 30 kA and later in time,
two power supplies combined to have a 70 kA output.
The parameters for the 100 MJ coll are presented in
Tablz VII.

1 Mwh Diurnal Load Leveling Demonstration

A 1 MWh diurnal load leveling electric utility
toroidal demonstration unit will be built for the
International Science Exposition to be held in Taukuba
Science ond Education City, Japan, in 1985.2 The energy
stored will be 3.6 (10)9 joules. The coil is to be
me#de of fully stabilized NbTLi 1in copper matrix 5 kA
conductor. The project will rival the LCP at Oak Ridge
in ecale and is estimutoed to cost between $9 and §18
million. A sketch of the toroidal storage coil
asaeably is shown in Fig. 7 and characteristics are
given {n Table VIII.

TABLE VII
100 MJ COIL PAPAMETERS
Maximum fleld, T 8
Pulsed field, T/s 10
Winding {.d., ma 1200
Winding o.d., am 2000
Sub winding Leight, mm 600
Winding gap, om 150
Total heighy, mm 1350
Operating current, kA 50
Number or turns 240
Stored energy, MJ 105
Current dennity, A/ma? 25

Tuelve ¢nll torofdal 1| MWh diurnal

Fig- /.
load leveling demonatration unit.
(Courtoeay M. Manuds.)
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TABLE VIII

1 MWh DIUTINAL LOAD LEVELING UNIT
Energy stored, J 3.6(10) 2
Ma jor radius, m 6.9
Minor radius, m 3.5
Inductance, N 288

Current, kA 5
Number of coils 12

Shielded Hagnet for Pulsed Energy Storage

Moses and Ballou" describe ¢ 3hield co{l asseably
which uses a solencidal winding nested in a set of
surrounding solenoidal coils in a poloidal array. In
practice, all the individual cofle have a low height to
radlal thickness aspect ratioc. Tie central coil {is
generally conceived as a dc cryogenically stable super—

conducting dipole with the surrounding shield coils
being anbient cremperature copper conductors. The
shield coila are arranged to keep the leakage field on
the superconducting coill to a very low value. The su-
perconducting dipole 1is not exposed to slternating
currents or magnetic rields and, hence, is stable. A
3GO kJ wmodel shielded coil has been reported by

Shintomi, et al.? for testing with posaible large scale
applications for accelerators drives, fusion device
pover supplies, and eleccric utility applications. The
esnesbly {8 showm 1in Fig. 8 and Table IX has the
published parameters.

Diurnal Load-Levei{ng St.rage System

Energ’ storage on a large scale in superconducting
coils up to 10 GWh holds promime for efficient energy
transfer as high as 90 to 95X because there 1is no
transformaticn 0oy the form of energy. Electric
utilities would wuse s8such systems for diurnal load
leveling and Winer and Nicol® have shown a clear
advantage for Supurconducting Magnetic Enarg, Scorage
(SMES) wihen the SMES systemr store about 5 GWh or more

or better yet deliver in exceas of about 1750 kWh/yr
per kW, Comt studies of reference dCBlgnlS'G vary as
much as factore of 2 Lo ). Regardless, in large slies,
SMES eyotems appea. competit{ve with other types of
! 1820mridia._ o
C- _leQQmmdig,
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Fig. 8.

TABLE IX
200 kJ SHIELDED COIL PARAMETERS

Superconductive Coil

. Energy stored, WJ 200
Inductance, H 0.23
Current, A 1350
Current deasity, A/cm? 1.1 x 10%
Turna 528
Field, T 4.0
Ma jor radius, cm 30
Cross section, cm 8.4 x 7.6

Cooling mode at 4.2 K pool boiling

Superconductor

Material Nb-T1/Cu
Critical current at 5 T, 4.2 K 1770
Cu/SC ratio 3.9
Filament djameter, um 32
Filamente 1250
Twisted pitch, ma 25
Shield Coil
Inductance (self), H 0.082
(wutual), H 0.089
Current, A 200
Current density,d/cm? 910
Energy availabl~, kJ 50
Turne 528
Cross section, mm 4 x 5.5
Resistivity at 300 K, Q 0.77

Material OFHC copper

energy Asturage. The system design etudies have shown
that berneath .he ground construction with bedrock
supporl »of tne magnetic pressure on the conductor and

operation in 1.8 K superfluid helium are economic.

Previous work, ’ besldes the preliminary conceptual
cngineer{ny designs, {nvolvem room temperature testing
of warm w#'l rock to conductor plastic-fiberglass
support structures and development of prototype
conductor. More reccent studies by the University of
Wisconsin 1indicate that low flelds combined with very
large diameter SMES storage coils allow the coll to be
auch clomer to the surface for structural support at a
potential coet waving.!® The concept, new for the main
storage co'l, 1e developed 1n a A!fferent way for a
SHES pguard coifl burled right a. the surface and
supportyd by a low cost concrete foundation. 3°6. The
concept of a flexible wire rope made of a multi strand
structural etainleas steel core aurround=' by copper
and copper matrix NbT{ superconducting ubbundles for
ease o fabrication {into & 50 kA cablz has been
consnidered by LASL and appears feanible for dlurnal
load leveling cofls.

Conclus fon

Superconduct Ing magnetlc
rapidly developing technology. A number of potentlal
appllications being pursued on a acaled basin and
for demonstration Lo lead to larger prototypem and full
moale applicattons, Magnetic wenergy storage syotems
have appllications as power cupplles for accelerators,

energy storage ls a

are«

cofla to induce current {nto and provide ohmic heattng
of plasmmas {n fumion devices, stablilizing aystemm for
eleciric utllity transmianlon nervorks, and reactors

for reactive power coopenmation
syslomun.

for electric utflfey
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